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INTRODUCTION 
The fundamental strain mechanisms of Ceramic Matrix Composites are the matrix 
microcracking that induces a loss of stiffness and the fiber-matrix debonding that leads to 
interfacial frictional sliding [1]. The interfacial sliding stress is thus a key parameter in the 
global behavior. The use of an experimental device coupling an ultrasonic immersion tank to a 
tensile machine and an extensometer allows to detect the anisotropy of the damage mechanisms 
of a material as well as to perform a strain partition under load because it makes it possible to 
identify the elastic tensor variation. The inelastic strain identified this way comes from the 
transverse cracks opening due to both the fiber/matrix elasticity mismatch and relative sliding at 
the interface. It is then possible to assess the value of the interfacial sliding stress with a 
micromechanical model derived from the analytical expressions of the elastic properties of a 
fibrous composite containing cracks and a shear-lag analysis. This can be done because the 
experimental variation of the compliances gives access to the constitutive law of the transverse 
crack densities and allows to estimate the debonding length. 
EXPERIMENTAL RESULTS 
The composite studied is a woven 2D SiC-SiC manufactured from preforms built up 
from multiple layers of Silicon Carbide by S.E.P. (Societe Europeenne de Propulsion, 
France). The SiC matrix was added by chemical vapor infiltration (CVI). The specimen, thin 
plate shaped, was submitted to tensile stress in Direction 3 parallel to direction of one of the 
bundle. The stress-stain curve of the sample is shown on Figure 1. 
The loading was applied in 18 steps of stress, necessary for the ultrasonic evaluation, 
until the sample failed. During the test, the total strain, E, has been measured with an 
extensometer specially configured to work under immersion. The total strain to failure reaches 
0.8 per cent. The behavior remains elastic until about 80 MPa. The two cycles performed are 
hysteresis loops emphasizing the existence of fiber/matrix interfacial sliding with friction. 
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Figure 1. Stress-strain curve of a 2D SiC-SiC. 
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Figure 2. Sample instrumented for strain partition under load. 
In order to study accurately the damage evolution in composites, an experimental device 
that couples an ultrasonic immersion tank to a tensile machine and an extensometer has been 
developed [2], Figure 2. The characterization of anisotropic materials using an ultrasonic 
method [3] gives access to the purely elastic part of their behavior. It is based on the 
measurement of the velocities of ultrasonic waves propagating in a solid along various 
directions. The nine elastic constants of an orthotropic material are recovered by an 
optimization process using those experimental data. The knowledge of the complete stiffness 
tensor allows, by simply inverting it, a description in terms of compliances which allows a 
reconstruction of the elastic hardening curve using Hooke's law. The strain partition can then 
be performed as the difference between the elastic strain and the total strain measured with an 
extensometer gives the inelastic strain [4]. 
Figure 3 shows the compliances that were the most affected by the transverse and 
longitudinal crack patterns with their confidence interval. As for the stress-strain curve, the 
compliance variations exhibit three domains. Until 80 MPa, damage threshold of this 
composite, the various compliances remain the same. From then, matrix rnicrocracking 
begins. The compliance variation along the tensile axis is very large; 533 sees an increase of 
more than 300% representative of a large inter-bundles matrix cracking. 
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Figure 3. Variation of the compliance tensor coefficients 533 and 522 of a 2D SiC-SiC and 
their 90 % relative confidence interval versus stress applied in Direction 3. 
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Figure 4. Under load strain partition of a SiC-SiC 2D. 
The transverse matrix microcracking starts around 80 MPa and comes to saturation at 
about 120 MPa. Then, the variation of 533 becomes slighter. This indicates that another 
mechanism occurs. It is the matrix microcracking that spreads inside the bundles. The same 
comments can be done on the variation of 522 although the global variation is slighter. 
The results of the strain partition are plotted in Figure 4. Like the compliance 
variations, this plot exhibits three zones. Until the damage threshold, the behavior is linear 
elastic. Then the inter-bundles matrix microcracking begins and with it, the inelastic strain 
appears. The inelastic strains exhibit two very different increases that correspond to the scale 
at which they occur; an increment of strain at constant stress which starts around 80 MPa and 
stops at about 160 MPa and a strain which needs an increase in stress and which begins at 
120 MPa. "'bs represents the inelastic strain that grows at constant stress and", Is the inelastic 
strain due to an increment of stress. 
MODEL 
The model is based on the analytical expressions of the elastic properties of a fibrous 
composite containing cracks [5] and on a shear lag analysis [6] . 
The variation of the elastic properties of a cracked material can be deduced from 
replacing the cracked medium by an effective equivalent medium. The cracks, 2a deep, 2b 
thick and 2c wide, are modeled as elliptic cylinders with aspect ratio 0 = 2b/2a tending to 
zero, Figure 5. The effective elastic properties are function of the elastic properties of both 
the un cracked material and the material that surrounds the cracks: 
7r 
S=So+-fJA 
4 
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where f3 is the crack density, S and So are the compliance tensors of the cracked and 
uncracked material respectively and A is a fourth order tensor which coefficients depend 
upon both the crack geometry and the mechanical properties of the medium that surrounds 
them [5]. 
For the transverse crack system, normal to the tensile axis, only three components of 
A, noted AT , are different from zero, Aj3' A~ and A~5 ' Once every compliance is 
known, it is thus easy to identify the crack density parameter f3r. It represents the number of 
cracks in an element that contains both cracked and uncracked sub-elements. 
Actually, f3r is related to the inter cracks distance: 
t= 2a/f3r. 
So, in an extensometer length L, the number n of cracks is: 
As the inelastic strains come from the crack opening displacements 2U due to 
fiber/matrix sliding in the tensile direction, the following relationship arises: 
A , inelastic 2U 2b 
einelastic = _LU._ = ~ = ~ = 8 f3r. 
L L L 
This opening comes from both the elasticity mismatch between the fiber and the 
matrix and the relative sliding at the interface between them. 
(2) 
(3) 
(4) 
The study of the state of micromechanical equilibrium of the composite using a shear 
lag analysis gives access to interfacial sliding stress [7]. The following assumptions are 
made: isostrain condition prevails in the cross sectional area of the sample at the end of the 
sliding length, a constant interfacial friction stress exists within the sliding length, the stress 
in the matrix is completely transferred to the fiber in the crack plane and, in the cohesive 
zone, only elasticity takes place. 
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Figure 5. Crack geometry in the case of a transverse crack 
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Figure 6. Elementary cell containing an open crack. 
The elementary cell used in the model is depicted in Figure 6. As the inter crack 
distance is t, the cell size on each side of the crack is t/2. This distance is itself divided in 
two parts representing the debonding length td upon which the sliding takes place and tc 
the length upon which the interface remains cohesive. R is the fiber radius. Because of the 
symmetry of the representative cell, half the crack opening displacement U is simply the 
difference between the fiber, 8 f, and matrix, 8m , displacements in the crack plane. By 
using the isostrain condition, we obtain: 
U = 8f - 8 = (J~ (.£_~)+_r ((~)\2 -I 2) 
m E 8 21 RE 2 c' 
c f 
where Ee and E f are the Young moduli of the composite and of the fiber respectively. 
Equation (5) is equivalent to: 
(5) 
(6) 
Finally, the interfacial sliding stress depends directly upon both the elastic and 
inelastic strains as well as the transverse crack density and the area upon which the sliding 
takes place through a, tc and t : 
(7) 
IDENTIFICATION OF THE MODEL 
The experimental variation of the compliances gives access to the constitutive law of 
the transverse crack densities using Equation 1, Figure 7. 
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Figure 7. Constitutive Laws of the 2D SiC-SiC: Crack density variations: (a) inter-bundles 
scale, (b) intra-bundles scale. 
In this figure, the marks represent the values identified from Equation (1) and the 
compliances variations and the straight lines, the interpolated evolution laws. Anyway, 
because of the two scale effect of the microcracking, the identification is not straightforward. 
Actually, the values of the compliances of the so-called uncracked material have to be 
adjusted. For the inter-bundles microcracking, the values of the compliances at 80 MPa, 
damage threshold, have been taken, while, for the intra-bundles scale, the values at 120 MPa, 
onset of the intra-bundles cracking, were considered. It results that both the inter-bundle and 
intra-bundle transverse crack density can be described with a linear function. Up to 80 MPa, 
as the damage has not begun, the crack density is equal to zero. The inter-bundle crack 
density saturates at about 120 MPa while the intra-bundle crack density begins. 
Once the transverse crack densities are known, Equation (4) gives access to the 
inelastic strains variation at both scale of the composite depicted in Figure 8 where the marks 
represent the experimental data and the straight lines, the predictions. 
The two scale effect in the 2D SiC-SiC must also be taken into account in Equation 
(7). Written at the fiber scale, it must be modified when the matrix microcracking occurs at 
the bundle scale. The compliance variations are sensitive to the presence of cracks but also to 
the size of these cracks. Thus, the debonding length can be estimated using both the 
transverse crack density and the variation of S22 which variation depends upon Mode II 
cracking. Assuming the fiber/matrix debonding length td is zero when the material is 
uncracked and equal to half the inter-crack distance at saturation, it becomes possible, using a 
simple law of mixture, to estimate t d from the values of the compliances S~2 of the 
uncracked material and Sh at saturation: 
(8) 
Using the elastic strains calculated from Hooke's law, the predicted linear variation of 
the inelastic strains that appear in Figure 8, microstructural observations together with the 
variations of the compliances that appears in plain lines in Figure 3, it is possible to predict 
the characteristic lengths, inter crack distances (Equation (2)) and debond length (Equation 
(8)), of the microcracking, Figure 9, as well as the interfacial sliding stress, Figure 10, at 
both scales of the composite. 
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Figure 8. Evolution of the inelastic strains of a 2D SiC-SiC. 
In Figure 9, as the inter crack distance diminish, the sliding length increase. It 
increases up to half the inter crack distance and then it stabilizes because of saturation. No 
further transverse cracking appears and either the cracking begins at another scale either the 
sample breaks. Concerning r, Figure 10, the average value at the inter-bundle scale is 
different than the value at the fibers scale. This can be explained by the differences that exists 
in the radii as well as in the debond lengths. The lower value at the bundle scale is about 200 
MPa, whereas it is about 100 MPa at the fibers scale. Those values are consistent with the 
range of results found elsewhere [8]. The higher value of r at the bundle scale explains the 
progressive sliding while at the fiber scale the sliding occurs simultaneously to the increment 
of stress. It is noteworthy that, whatever the scale, r is not constant. It decreases to a 
minimum value, and then increases to an even higher value when saturation, or failure, 
occurs. The model describes what can be called a mixed bonding, that is to sayan initially 
strong bonding that promotes elasticity, bonding that becomes weak with increasing stress 
and then allows fiber/matrix sliding when delamination occurs. Furthermore, the increase of 
r at both scales can be related to the saturation of the sliding. The relative fiber/matrix sliding 
does not becomes more difficult, as Figure 10 can let think, because of a clamping stress or 
debris that lock the sliding but more probably, because of the decrease in the number of 
sliding sites due to saturation, 
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Figure 9. Characteristic lengths of the transverse microcracking of a 2D SiC-SiC. 
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Figure 10. Interfacial sliding stress of a 2D SiC-SiC. 
CONCLUSION 
The fundamental strain mechanisms of the CMCs are the matrix microcracking that 
induces a loss of stiffness and the fiber-matrix debonding that leads to an interfacial frictional 
sliding. The interfacial sliding stress is thus a key parameter in the global behavior. The 
ultrasonic characterization through the complete determination of the stiffness tensor along 
the whole test can detect all the damage mechanisms of CMCs: the transverse matrix 
microcracking as well as the presence of longitudinal cracks at the fiber-matrix interface. 
Thus this technique is of great help in measuring the anisotropic damage and it also allows to 
perform the strain partition under load. As the strain partition under load separates the various 
mechanisms responsible for the non linear behavior of CMCs, it appears then clearly that 
those two elementary mechanisms occur at both scales of the material; at the mesostructure 
level constituted by both the bundles and the inter-bundles matrix and at the microstructure 
level consisting in both the fibers and the intra-bundles matrix. A micromechanical model 
used with these accurate measurements of the various components of the total strain gives 
access to the value of the interfacial sliding stress during all the tensile test. In the model, the 
interfacial sliding stress depends upon both the elastic and inelastic strains but also upon the 
transverse crack density and the area upon which the sliding takes place. It results that, 
according to the scale of the composite, the interfacial sliding stress exhibits a different value 
due to the nature of the bonding. An accurate knowledge of the strain mechanisms is 
necessary to identify correctly the value of the interfacial sliding stress. 
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